Laser ultrasonic techniques allow the remote analysis of adhesion mechanisms at imperfect interfaces up to GHz frequencies. However, the sensitivity of interface waves to the properties of the contact is not very well known. In the present work, the mechanical boundary conditions are described considering that the contacting solid half-spaces are connected by tangential and normal springs. Such a modeling implies a discontinuity of the displacement field across the interface. To identify the relative amplitudes of the different types of interface waves-skimming, leaky Rayleigh (LR) and Stoneley (St) waves-a semi-analytical time domain model describing the thermoelastic laser generation is derived. The results illustrate the influence of the boundary conditions on the attenuation of the LR wave and on the existence of the St wave. In addition, a single compact and elegant dispersion equation is presented to investigate the behaviour of the interface waves propagating along a generalized imperfect boundary. Such analysis reveals the existence of a cutoff frequency f c close to which the St wave behaves like a skimming transverse wave. A scaled analysis demonstrates that two master curves suffice to describe the dispersion of LR and St waves and that f c is inversely proportional to the tangential interfacial spring constant.
I. INTRODUCTION
Assessing the quality of interfaces is of the utmost importance for the design and evaluation of bonded structures, microelectronic devices, 1 coatings, or even for the optimization of cell adhesion on biomaterials. 2 Yet the presence of cracks, roughness or porosities, residual stresses, or diffusion interlayer 3 often hinders the functioning of these materials. The development of characterization techniques is therefore a critical requirement in tribology, microelectronics, thin film science, and in bioengineering. To this end, a large number of destructive methods have been developed, such as scratch or peel tests, indentation, or laser spallation techniques. 4 Acoustic-based methods are of great interest since they provide a non-destructive mean to probe interface quality and adhesion. Techniques using reflection and transmission of bulk acoustic waves at an imperfect interface 3, [5] [6] [7] or propagation of guided waves in bonded structures [8] [9] [10] [11] [12] or in plates with delamination [13] [14] [15] [16] have been developed. Although less used, the application of interface waves suggests interesting potentialities owing to their extreme sensitivity to the boundary conditions at the contacting interface. [17] [18] [19] To infer the quality of the interface from the acoustic propagation, it is necessary to introduce dynamic boundary conditions. A classical approach considers that the two contacting materials are connected by a spring of constant K. Such a modeling leads to a discontinuity of the displacements Du across the interface, while the stresses remain continuous and equal to KDu. This modeling has been used to describe the acoustic propagation across thin interlayers, 5, 7, 20 rough interfaces, 9, 21, 22 or cracks. 23, 24 Complex-valued spring constants can also be used in order to model viscous effects. [25] [26] [27] A discontinuity of the normal displacements can be introduced, as well as of the tangential displacements to consider interface imperfections appearing upon shearing. 7, 8, 28 Moreover, anisotropic interfaces can be modelled with three spring constants, a normal spring constant and two tangential ones. 15 Regarding interface waves propagating along the interface between two different isotropic half-spaces in contact, several works have reported on the analytical determination of the interface waves velocity for a welded interface 29 or a slip interface. 30 In such cases, interface waves of two different kinds may exist: the Stoneley (St) wave and the Leaky Rayleigh (LR) wave. The St wave exists only in a narrow range of material pairs in the case of welded interface and for a wider range in the case of a slip interface. 17, 25 However, these boundary conditions are limiting cases, and the influence of the spring stiffnesses on the interface waves are not known. When the contacting materials are identicaltypically along fracture lips-the existence of dispersive unattenuated symmetric and antisymmetric "fracture" interface waves has been demonstrated. 19, 31 The existence of the fastest of these waves depends on the normal spring constant and that of the slowest wave on the tangential spring constant.
The purpose of the present work is to consider the general case of two different isotropic solid half-spaces in contact. The imperfect interface is here described by both normal and tangential spring constants, in order to investigate interface wave dispersion as well as the existence of the St wave.
At low frequencies, the spring constant K ¼ C=l modeling the interface can alternatively be seen as a thin layer of thickness l and of rigidity C. The length l can either describe the thickness of a thin interfacial layer, 7, 20 the width of a fracture, 24, 31 or the average height of the asperities of a rough interface. 9, 21, 22 In geophysics, owing to the poor adhesion of terrestrial layers and to the large scale of interfacial asperities, low spring constants (between 10 8 and 10 12 Pa m À1 ) are considered at frequencies .1 kHz. 24 In nondestructive testing of millimeter structures, higher spring constants (between 10 15 and 10 18 Pa m
À1
) are studied at %400 MHz. 32 Considering the propagation of GHz bulk longitudinal waves across interfaces of nanometer characteristic lengths, spring constants up to 10 19 Pa m À1 are found. 3, 33 To test nano-interfaces of high stiffness with high sensitivity, it is therefore required to propagate interface waves of GHz frequencies.
Interface waves can be generated by conversion of bulk or surface acoustic wave 18, [34] [35] [36] with limited efficiency and requiring an uncoated portion of the sample. If one of the contacting media is transparent, interface waves can also be generated thermoelastically by the absorption of a short laser pulse at the interface. 37, 38 The present work concerns this latter configuration. Such a laser ultrasonics technique (LU) is non-contact and allows the remote generation of GHz frequencies. 39, 40 In a previous paper, 41 a semi-analytical model has been developed to describe the thermoelastic generation of elastic waves in an anisotropic half-space. This model is here extended in Sec. II to consider the case of two half-spaces separated by a generalized imperfect interface. To further investigate the predictions of this model, the corresponding dispersion equations of harmonic interface waves are calculated in Sec. III. Numerical results are analyzed in Sec. IV, and a scaled analysis of the dispersion of interface waves is proposed in Sec. V.
II. MODELING OF THERMOELASTIC PROCESSES AT A GENERALIZED IMPERFECT INTERFACE BETWEEN TWO ANISOTROPIC SOLIDS
Several models for the generation of elastic waves in an anisotropic half-space by transient point or line sources have been developed. [41] [42] [43] [44] [45] Although the case of the thermoelastic generation of interface waves at the perfect interface between a perfect fluid half-space and an isotropic solid halfspace has been largely studied, [46] [47] [48] investigations of two isotropic solid half-spaces in contact remain scarce. 40 In this section, we propose an even more general modeling of the thermoelastic generation at the interface formed by two anisotropic viscoelastic half-spaces. In addition, imperfect interface quality is modeled by normal and tangential interfacial spring constants. 7, 8, 28 The laser absorption causes a localized temperature rise, which in turn generates elastic waves by thermo-elastic coupling. In this section, the equations governing these phenomena are solved analytically in the wavenumber-frequency space, considering appropriate boundary conditions.
A. Governing equations
Two semi-infinite anisotropic viscoelastic media are separated by a plane interface located at x 1 ¼ 0 in Cartesian coordinates ðx 1 ; x 2 ; x 3 Þ (see Fig. 1 ). Index i ¼ 1; 2 stands for the medium located at x 1 > 0 and x 1 < 0, respectively. The origin O is chosen to coincide with the center of the pump laser spot. The absorption of the pump light in medium 1 leads to a sudden localized temperature rise. Assuming the temperature is not affected by acoustic propagation, the photothermally induced temperature rise T ðiÞ in medium i is described by the heat diffusion equation 
A Kelvin-Voigt model 49 is considered to derive the frequency dependence of the complex components C To allow laser generation at the interface, medium i ¼ 2 is considered transparent, and the source term Q ð2Þ in Eq. (1) is zero. To describe the generation by a point-source, transversely isotropic media with a symmetry plane parallel to the boundary x 1 ¼ 0 is considered. We first model a photothermal source focused to a line along x 3 with an optical absorption in medium i ¼ 1 along x 1 . The source term Q ð1Þ therefore takes the following form:
where I is the electromagnetic energy per unit length absorbed in medium 1, and b ð1Þ is the inverse of the optical skin depth. Functions G v and G s describing the lateral and time distributions of the laser pulse intensity are Gauss functions 
where J 0 is the zero-order Bessel function of the first kind. 51 The same method can be applied to the other components of the displacement, using higher-order Bessel functions. 
Detailed expressions ofT ðiÞ q appearing in Eq. (7) are given in Appendix A 1.
Under such an assumption, the temperature field is not affected by the quality of the interface. The influence of the interface on the temperature could be modeled by introducing a thermal resistance, the so-called Kapitza resistance. 53, 54 However, the effects of a thermal resistance on the GHz elastic waves are considered negligible. 33 Similarly, the solutions of the equation of motion, Eq. The quality of the interface is described by a spring model, 8, 23, 28 leading to a discontinuity of the displacement fields and continuity of the stresses across the interface. This model is represented schematically in Fig. 1 . Expressions of the normal r ðiÞ 11 and tangential r ðiÞ 12 stresses are obtained by replacing the expressions of the temperature and displacements fields given by Eqs. (7), (9), and (10) 
where K n and K t are the normal and tangential spring constants, respectively.Û ðiÞ s are the components of the displacement field in medium i along direction s calculated at the boundary x 1 ¼ 0. Note that the general case of anisotropic interfaces must be modelled with three spring constants, a normal spring constant and two tangential ones. 15 However, owing to the symmetry of the wave generation for a line source and two transverse isotropic solids, no displacement u 3 is involved and only one spring constant K t is necessary.
The spring model has three limiting cases. If K n ¼ K t ¼ 0, the interface x 1 ¼ 0 is an unbounded interface corresponding to two free surfaces without mechanical contact. In the case where K n ! 1 and K t ¼ 0, the normal stresses being finite quantities, the normal displacementsÛ ðiÞ 1 are continuous and the shear stresses are zero at the interface. The spring model therefore approaches a slip interface. In the case where K n ! 1 and K t ! 1, the normal and tangential stresses being finite quantities, the normal and tangential displacements are continuous at the interface. The spring model therefore approaches a welded interface.
Once the amplitudes of the displacement components are obtained using the boundary conditions, Eq. (11), a numerical inverse Fourier transform is performed to evaluate the spatiotemporal evolution of the normal displacement. Since the reflective medium i ¼ 1 is that of experimental access, the normal displacement u ð1Þ 1 ðx 1 ¼ 0Þ in medium i ¼ 1 is calculated. Such calculations include notably LR and St waves. Yet, to identify these waves from u ð1Þ 1 , it is necessary to calculate the velocity of each interface wave. To this end, dispersion equations accounting for the imperfect interface between isotropic solids are introduced and solved in Sec. III.
III. DISPERSION EQUATIONS FOR INTERFACE WAVES PROPAGATING ALONG AN IMPERFECT INTERFACE
To supplement the results of the time modeling presented in Sec. II, dispersion curves of interface waves must be plotted for different types of interface. Due to the complexity of the calculations of interface waves dispersion equations for anisotropic solids in the case of welded [55] [56] [57] [58] and slip 59, 60 interfaces, this section is restricted to the dispersion curves for isotropic materials. For this reason, a formalism based on Lamé parameters is used hereafter.
Several authors have studied the dispersion curves of the welded interface, 18, 35, 61 the slip interface, 30, 40 and the spring model 34 separately. Such analyses have led to a dispersion equation for each case. However, the relations between all these dispersion curves has never been derived. In this section, we introduce a new type of interface, the so-called grip interface. We thereby propose a single compact and elegant dispersion equation for interface waves at a free, welded, slip, or grip interface.
The solving of the boundary conditions for harmonic waves leads to a linear system of equations. The dispersion equations correspond to the vanishing of the determinant of such a system, the so-called characteristic determinant. The boundary conditions depend on the quality of the interface and involve the normal and tangential displacements, and the normal and tangential stresses. The aim of this section is to derive the relations between the determinants associated to each interface quality. For this purpose, the determinants of each limiting case of the spring model are first introduced.
The time-harmonic displacement fields of angular frequency x in each solid i ¼ 1; 2 are solutions of the equation of motion,
where the components of the stress tensor are given by Hooke's law,
and where k ðiÞ and l ðiÞ are Lamé constants. The grapheme tilde here denotes harmonic quantities.
The interface waves propagating at the interface between two isotropic solid half-spaces are linear combinations of longitudinal and shear waves of both solids. Interface waves have a wavenumber k in the direction of propagation x 2 and a phase velocity V ¼ x=k. The index 2 is omitted for k in this section to denote the wave number of interface waves exclusively. The time-harmonic displacement fields in media i ¼ Replacing Eqs. (14) and (15) 
where f i ¼ V=V ðiÞ T . When the materials are perfectly unbounded, there is no interface anymore but two uncoupled free surfaces instead, which can independently support a Rayleigh wave. The characteristic determinant for each free surface, defined by r ðiÞ 11 ¼ 0 and r
The characteristic determinant for the slip interface, defined 
where m ¼ l
/l (1) . The characteristic determinant for the welded interface, defined byr 
In order to show the relation between the characteristic determinants, it is necessary to introduce a new boundary condition corresponding to the continuity of tangential stresses 
The characteristic determinant for the general spring model, corresponding to the boundary conditionsr 
where X n and X t are characteristic frequencies given by
To deal with dimensionless equations, all determinants in Eq. (18) to (22) have been normalized by the second Lamé constant l ð1Þ in medium 1. Consequently, V
T appears in the expression of the characteristic frequencies instead of V
T . The meaning of X n;t will be analyzed thoroughly in Sec. V.
Equations (18)- (21) are frequency-independent. 62 However, the general expression, Eq. (22), clearly shows that the interface waves are dispersive when taking the spring model into account. 19, 31, 34 Two types of interface waves corresponding to the two roots of the dispersion equations can exist between two isotropic solid half-spaces: the St wave and the LR wave. The phase velocity V LR of the LR wave is complex. On the contrary, the phase velocity V St of the St wave is real. V St and V LR are not dispersive for the limiting cases (slip 30 and welded 61, 63 interfaces) but become dispersive in the case of the spring model, 34 as shown in Eq. (22) . Moreover, the St wave only exists in a narrow range of material pairs in the case of a welded interface 63 and in a wider range in the case of a slip interface. 17, 25 In Sec. IV, by analyzing simultaneously the results of the time domain model (Eq. (6) of Sec. II A) and of the dispersion equations, the dispersion of the Rayleigh wave will be discussed as a possible tool to characterize the quality of interfaces, and the existence of the St wave will be investigated in all interface cases.
IV. INFLUENCE OF THE BOUNDARY CONDITIONS ON THE INTERFACE WAVES
In order to analyze separately the influence of each interface spring (Fig. 1) , two cases are studied. In the first case, the tangential and normal spring constants are such that K t ¼ 0 and 0 < K n < 1, the quality of the interface being comprised between a free surface and a slip interface. In the second case, K n ! 1 and 0 < K t < 1, the interface being comprised between a slip interface and a welded interface.
In both cases, the configuration evaluated numerically for illustration is a glass half-space on an aluminium half-
A. K t 50: from the free surface to the slip interface
In this section, the spring constant K t ¼ 0 and the spring K n varies in the interval ½2; 2:10 4 GPa.lm À1 . The different interfaces corresponding to the discrete values of K n are called I n k , as presented in Table II . Since the displacement of the reflective medium i ¼ 1 surface is that of experimental access, the normal displacement u 1 is normalized by the amplitude of the first interface wave (R, LR, or St, depending on interface quality) for the distance d ¼ 10 lm. These normal displacements are plotted vs time in Fig. 2 . As d increases, the amplitudes of the acoustic pulses decrease owing to the circular shape of the laser source.
Only one wave is observed in Fig. 2 in the case of the free surface (top curve). This wave corresponds to the Rayleigh wave propagating in aluminium without attenuation and with a velocity V and I n 4 , meaning that the acoustic pulses observed in Fig. 2 result actually from the superimposition of both St and LR waves. According to the quality of the interface, there is therefore a change of the type of laser-generated interface wave that can co-exist in the intermediary cases.
The St wave velocity variation DV St ¼ 110 m/s observed in Fig. 3 is less than that of the real part of the LR wave velocity D<e½V LR ¼ 840 m/s observed in Fig. 4(a) . To analyze the frequency-dependence of the attenuation of the LR wave, the ratio of the imaginary part of the wavenumber k LR of the 
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Valier-Brasier, Dehoux, and Audoin J. Appl. Phys. 112, 024904 (2012) LR wave to the angular frequency x, =mðk LR =xÞ, is plotted versus frequency in Fig. 4(b) for each type of interface. As expected, =mðk LR =xÞ is close to that for a free surface for the interfaces I n 1 and I n 2 , i.e., close to 0, and is close to that for a slip interface for the interfaces I n 9 and I n 10 . Moreover, =mðk LR =xÞ increases with the quality of the interface (with increasing K n ). The effects of the interface quality on the attenuation and velocity dispersion of the LR wave, as opposed to the slight dispersion of the St wave, demonstrate that they are relevant parameters to characterize adhesion between solids.
In this section, we have demonstrated that the type of interface wave generated depends greatly on the interface quality. Additionally, it has been shown that the velocity and attenuation of the LR wave are very sensitive to K n in the case where K t ¼ 0. These observations can serve as tool for the assessment of interface quality for non-destructive purposes. The behaviour of the interface waves is now studied when the tangential spring constant K t varies and the normal spring constant K n is fixed.
B. K n fi': from the slip interface to the welded interface
In this section, the normal spring constant is fixed so that K n ! 1, and the tangential spring K t is comprised in the interval ½2; 1000 GPa.lm For each interface, two waves are clearly visible in Fig. 5 , a skimming longitudinal wave and an interface wave. In the case of the slip interface, the interface wave is a St wave (see Sec. IV A). In the case of the welded interface for this pair of materials, Eq. (20) has only one root corresponding to the LR wave, and the St wave therefore does not exist. For interfaces I t 3 to I t 5 , the St and LR waves are superimposed, as explained in Sec. IV A. Thus, as observed previously in Fig. 2 , the type of interface wave generated depends greatly on the quality of the interface.
To scrutinize the dispersive behavior of the interface waves, the phase velocity of the St wave and the real part of the phase velocity of the LR wave are plotted for each interface in Figs. 6 and 7(a) , respectively. The imaginary part of the wavenumber k LR of the LR wave is also plotted in Fig.  7(b) for each interface. The central frequencies of the identified interface waves are indicated by circles and those of non-identified interface waves by squares in Figs. 6 and 7(a) .
When comparing the acoustic pulse shapes in Fig. 5 for interfaces I t 1 to I t 3 corresponding to pump-probes distances d ¼ 10 lm and d ¼ 40 lm, the behavior of the St waves tends to that in the case of the slip interface and is therefore only slightly dispersive. On the contrary, the acoustic pulse shape for interfaces I t 7 to I t 10 and for the welded interface show that the LR waves are very dispersive. Indeed the real part of the phase velocity of the LR wave decreases of a quantity D<e½V LR ¼ 520 m/s when the spring K t increases. In addition, =mðk LR =xÞ varies largely between the slip interface and the welded interface. Thus, in this case again, the velocity dispersion and the attenuation of the LR wave are important parameters to characterize the contact at the interface. 
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Valier-Brasier, Dehoux, and Audoin J. Appl. Phys. 112, 024904 (2012) However, this time a striking feature in the behaviour of the St waves is observed in Fig. 6 . For the interfaces I t 8 to I t 10 , the St wave does not exist in the frequency range ½0:1; 4 GHz. Chadwick and Borejko have shown that the existence of the St wave depends on the Lamé constants and on the density of both materials. Our finding demonstrates that the existence of the St wave also greatly depends on the transverse spring constant. Moreover, for the interfaces I t 3 to I t 7 , a cut-off frequency f c appears. The velocity of the St wave close to f c approaches the lowest bulk shear wave velocity (in the present case, that of glass). 63, 64 As a conclusion, taking into account imperfect interfaces has demonstrated that, depending on the quality of the interface, there is a change of the type of interface wave generated. Moreover, the analysis of the dispersion curves has highlighted that the analysis of the LR wave velocity and attenuation can serve as a powerful tool to characterize the quality of an interface. Finally the most striking feature is the observation of cutoff frequencies close to which the St wave behaves like a skimming transverse wave, meaning that its existence depends on the transverse spring constant and on the driving frequency. Such behavior appeals for a scaled analysis of the dispersion curve.
V. SCALED BEHAVIOR OF INTERFACE WAVES
In the previous sections, the laser generation of interface waves at frequencies $ 1 GHz has been analyzed using a time model. A comparison with the dispersion curves has shown an extreme sensitivity to spring constants close to 50 GPa.lm À1 and has suggested the existence of a scaled behaviour.
Such a scaled behaviour has already been observed in the case of a fracture, acting like an interface between two identical materials, described with spring constants K n and K t . In such a case, two so-called fracture interface waves exist with different velocities. 19, 31 The fast interface wave is independent of the spring constant K t , whereas the slow interface wave is independent of the spring constant K n . The characteristic frequencies for these interface waves are defined as
where V f and V s are the phase velocities of the fast and slow interface waves, respectively. A similar expression has been derived for bulk waves. 28 However, the existence of characteristic frequencies in the case of interface waves propagating between different materials has never been demonstrated.
According to the type of interface studied, the relation between the spring constants are different. If the interface is equivalent to a thin film of viscous fluid (viscous slip bond), K t =K n ( 1, 28 while for an interface between two compressed rough surfaces of same materials, K t =K n ¼ 0:71 ð1 À Þ=ð2 À Þ, where is Poisson's ratio. 65, 66 Since characteristic frequencies depend on spring constants, it therefore appears important to scrutinize the evolution of interface waves dispersion curves when the ratio K t =K n varies.
In this section, we define characteristic frequencies in the case of interface waves propagating between different materials. We then analyze the dispersion of the interface waves around these frequencies in the general case where K t =K n varies.
A. Characteristic frequencies associated to the spring constants
In the case of an interface between different materials, the St and LR waves depend on both spring constants. By analogy with Eq. (24), the characteristic frequencies are here defined by Eq. (23) . To analyse the meaning of these characteristic frequencies, the phase velocity of the St wave and the real part of the phase velocity of the LR wave in the case where K t ¼ 0 (corresponding to Figs. 3 and 4(a) , respectively) are plotted versus the adimensional frequency f =X n in Fig 8. All plots of the St wave velocity merge precisely into a single master curve and so do the LR waves.
As expected, for frequencies lower than X n , the dispersion curves of the St and of the LR waves approach the phase velocity of the interface waves for the slip interface. When materials are the same, the phase velocities of the slow and fast fracture interface waves at high frequencies approach the Rayleigh wave velocity. 19 In the present case, the 
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Valier-Brasier, Dehoux, and Audoin J. Appl. Phys. 112, 024904 (2012) behaviour of the phase velocity of interface waves is different. For frequencies larger than X n , the dispersion curve of the LR wave approaches the largest Rayleigh wave phase velocity in either media and that of the St wave approaches the lowest Rayleigh wave phase velocity. Moreover, the St wave velocity varies in the interval log 10 ðf =X n Þ 2 ½À1; 1 and the real part of the LR wave velocity varies in the interval log 10 ðf =X n Þ 2 ½À2; 1, demonstrating that the frequency X n indeed determines the transition between the slip and free interface behaviours. This behaviour can be explained by analyzing the dispersion equation. The limit of the characteristic determinant of Eq. (22) 
R . Between these limiting cases, the solution of the dispersion equation is a combination of the solutions for unbounded (i.e., Rayleigh waves) and slip interfaces.
In the case when K n ! 1, the phase velocity of the St wave and the real part of the phase velocity of the LR wave [see Figs. 6 and 7(a), respectively] are plotted versus the adimensional frequency f =X t in Fig. 9 . Here again, two master curves are obtained. As expected, for frequencies higher than X t , both dispersion curves approach the phase velocity of the interface waves of the slip interface. For frequencies lower than X t , the dispersion curve of the LR wave approaches the phase velocity of the LR waves for the welded interface and not the bulk shear wave velocity of one of the materials as mentioned in Refs. 19, 24, 31, and 67 for fracture interface waves. In this case, the frequency X t determines the transition between the slip and welded interface behaviours.
This behaviour can be explained by analyzing the limit of the characteristic determinant of Eq. (22) when K n ! 1
This expression shows that the determinant D Spring approaches the determinant D Slip at high frequencies and the determinant D Welded at low frequencies. Another interesting feature is that the St wave does not exist for frequencies lower than the cutoff frequencies f c observed in Fig. 6 . For frequencies close to f c , the St wave velocity is close to the lowest bulk shear velocity, meaning that the latter is the high limiting value of the St wave velocity. 63 Moreover, as the ratio f c =X t remains constant, f c is inversely proportional to the spring constant K t .
B. Relation between spring constants
Let us now focus on the even more general case where both spring constants vary, as defined by the ratio K n =K t ¼ 10 g with K t ¼ 1 GPa.lm À1 and g ¼ 0:::7. The phase velocity of the St wave and the real part of the phase velocity of the LR wave are plotted vs f =X t for the different values of g in Figs. 10(a) and 10(b), respectively. All dispersion curves show the same behaviour where three regimes are observed. The cutoff frequency of the St wave is the same as that observed previously and does not depend on K n . The first regime corresponds to frequencies lower than the characteristic frequency X t , for which the St wave velocity approaches the shear wave velocity in the slowest medium and the LR wave behaves as in the case of a welded interface. The second regime corresponds to frequencies between X t and X n for which the St and LR waves behave as in the case of the slip interface. For low values of g (g ¼ 0; 1; 2; 3Þ, the St and LR wave velocities do not reach the slip interface limit. The last regime corresponds to frequencies higher than X n for which the St and LR wave velocities are equal to the lowest and to the largest Rayleigh wave phase velocity in either media, respectively. 
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VI. SUMMARY AND PERSPECTIVES
We have shown that the laser ultrasonics technique provides a non-destructive and non-contact mean to characterize interfaces. This technique allows high frequency interface waves to be generated, up to several GHz, well suited to the probing of interfaces of stiffnesses as high as 10 19 Pa m
À1
. It should prove useful when at least one of the materials is transparent, e.g., in microelectronics, 3 and in biology for the study of the adhesion of cells on biometallic implants. 68, 69 Moreover, such a study is also relevant when wedge transducers are used to generate and detect interface waves remotely.
To describe the properties of the interface, the contacting solids have been assumed to be connected by tangential and normal springs. To identify the relative amplitudes of the St and LR waves, a time domain model based on the calculations of the temperature and elastic displacement fields has been developed. In addition, a single compact and elegant dispersion equation has been presented to investigate the behaviour of the interface waves propagating along a generalized imperfect boundary. The combination of these two approaches has allowed a scaled analysis, demonstrating that two master curves suffice to describe the dispersion of LR and St waves.
The simultaneous analysis of the numerical results of the time model and of the dispersion curves has demonstrated that the type of interface wave generated by the laser source is deeply related to the properties of the interface. Moreover, both normal and tangential interfacial stiffnesses induce phase velocity dispersion. This effect is remarkably noticeable on the real part of phase velocity-which is easily measurable-and on the attenuation of the LR wave. As the LR exists on wider range of material pairs than the St does, these observation define the LR wave as a extremely sensitive candidate to probe the quality of interfaces.
Furthermore, considering interfaces of intermediary qualities has revealed a nonmonotonic behavior of the phase velocities of the LR and St waves, owing to closely spaced normal and tangential characteristic frequencies. Such analysis has also revealed cutoff frequencies f c below which the St wave does not exist. For frequencies close to f c , the St wave velocity is close to the lowest bulk shear wave velocity in either media, meaning that the lowest bulk shear velocity is the high limiting value of the St wave velocity. The scaled analysis has also demonstrated that f c is inversely proportional to the tangential interfacial stiffness and that it does not depend on the normal spring constant. These observations should allow a better understanding of the physical nature of the St waves and provide powerful tools for the assessment of the quality of interfaces. As a future work, the polarization of the St wave close to f c will be analyzed.
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The solving of Eq. (A9) leads to the expression off ðiÞ n .
